Background: Wild ginseng, Panax ginseng Meyer, is an endangered species of medicinal plants. In the present study, we analyzed variations within the ribosomal DNA (rDNA) cluster to gain insight into the genetic diversity of the Oriental ginseng, P. ginseng, at artificial plant cultivation. Methods: The roots of wild P. ginseng plants were sampled from a nonprotected natural population of the Russian Far East. The slides were prepared from leaf tissues using the squash technique for cytogenetic analysis. The 18S rDNA sequences were cloned and sequenced. The distribution of nucleotide diversity, recombination events, and interspecific phylogenies for the total 18S rDNA sequence data set was also examined. Results: In mesophyll cells, mononucleolar nuclei were estimated to be dominant (75.7%), while the remaining nuclei contained two to four nucleoli. Among the analyzed 18S rDNA clones, 20% were identical to the 18S rDNA sequence of P. ginseng from Japan, and other clones differed in one to six substitutions. The nucleotide polymorphism was more expressed at the positions 440e640 bp, and distributed in variable regions, expansion segments, and conservative elements of core structure. The phylogenetic analysis confirmed conspecificity of ginseng plants cultivated in different regions, with two fixed mutations between P. ginseng and other species. Conclusion: This study identified the evidences of the intragenomic nucleotide polymorphism in the 18S rDNA sequences of P. ginseng. These data suggest that, in cultivated plants, the observed genome instability may influence the synthesis of biologically active compounds, which are widely used in traditional medicine.
Introduction
Wild ginseng, Panax ginseng Meyer, is an endangered species of medicinal plants belonging to the relict family Araliaceae, which has been used as a source of biologically active substances for thousands of years. The domestication and cultivation in vitro of P. ginseng aim to make up for natural resources of the valuable medicinal remedy for various diseases and a diet supplement for the elderly. However, under conditions of artificial reproduction, the medical properties of ginseng are believed to have become weaker, and the amount of the main biologically active compounddginsenosidesddecreases [1] . The nature of this phenomenon remains insufficiently studied.
In most eukaryotes, the nuclear ribosomal DNA (rDNA) occurs in tandem arrays at one or several loci. Each repeat unit contains the 18S, 5.8S, and 28S rDNA subunits; the internal transcribed spacers; and the intergenic spacer, which separates transcribed units. The molecular evolution of the ribosomal RNA (rRNA) genes fundamentally differs from the evolution of single-copy genes. The individual rDNA repeats do not evolve independently of each other; they homogenize horizontally. Therefore, only small differences are usually observed between the rDNA sequences within the tandem unit in any species, while they accumulate between species. The ability of all units to change their rDNA sequences in a highly organized manner was described as concerted evolution [2e6] .
The concerted evolution is important to maintain a significant number of the active rDNA units, and homogenization aims to reduce mutational load, and it is supported by selection [7] . However, a lot of studies show that, in many taxa, the homogenization rate may be too low to prevent significant levels of intraspecific polymorphism of the rDNA repeats. This variation is often limited to noncoding regions of the rDNA, such as internal transcribed spacers and intergenic spacer [8e12] . At the same time, there are an increasing number of studies, which revealed the presence of divergent rDNA paralogs and pseudogenes whose coding regions are free from functional obligation in different taxa [12e17] . Polyploidy, interspecific hybridization, loci number, and localization of nuclear-organization regions (NORs) on nonhomologous chromosomes, large genome size, and higher mutation rates in comparison with the rate of sequence homogenization are usually discussed as the possible reasons for the incomplete development of concertedevolution mechanisms in the rDNA repeats [12,15,16,18e25] .
The nucleolus assembles around the clusters of ribosomal gene repeats, and is easily visible in alive or fixed cells by phase-contrast or differential-interference-contrast optics. Currently, the nucleolus is recognized as a multifunctional nuclear subcompartment of the eukaryotic cell, which is involved in many important biological processes, including cellular stress responses and aging, checkpoint control, messenger RNA export and modification, and also protein degradation and sequestration [26e32] . Additionally, the nucleolus is the organizing center for different chromosome domains, and therefore, may be associated with the genetic and epigenetic regulation of eukaryotic genome [26, 31] .
In the present study, we analyzed variations within the rDNA cluster to gain insight into the genetic diversity of Oriental ginseng, P. ginseng, at artificial plant cultivation. This genetic information may be important for our understanding of the mechanisms involved in the loss of ability to actively synthesize ginsenosides by cultivated plants.
Materials and methods

Plant source
The roots of wild P. ginseng Meyer plants were sampled from a nonprotected natural population in Sikhote-Alin mountain range, Russian Far East. The collected roots were transferred to an open experimental nursery, and grown under conditions that were similar to the ginseng natural habitat (Spassky District of the Primorsky Region, southern Russian Far East). For investigations, the leaves of 5-yr-old ginseng plants were collected at the beginning of the vegetation period.
Cytogenetic analysis
The cytogenetic technique was performed as described previously [33] . The leaf tissues (volume: 0.5e1 mL) were pretreated in 0.2% colchicine solution for 2e3 h at room temperature (w22 C), fixed in 3:1 ethanol:acetic acid mixture, and stained with acetohematoxylin. The slides were prepared using the squash technique. A 50% solution of silver nitrate was used to stain the nucleoli [34] . The number of nucleoli was counted in 500e1,000 cells.
Isolation of total DNA and polymerase-chain-reaction amplification
The isolation of total DNA was performed as described previously [35] . Amplification reactions were performed in 20 mL volumes containing 100 ng template DNA, 10mM Tris-HCl (pH 8.5), 50mM KCl, 2.5mM MgCl 2 , 0.01% gelatin (w/v), 0.1mM Triton X-100, 0.25mM each deoxynucleotide triphosphate, and 10pM each primer. We also used a mix (1:8) of Pfu and Taq DNA polymerases (Fermentas, Vilnius, Lithuania) to minimize amplification errors. The polymerase-chain-reaction (PCR) primer sequences and temperature conditions were those as in [36] .
Cloning and sequencing of the 18S rDNA sequences
The PCR products of two independent PCR reactions were separately cloned into the pTZ57R/T plasmid using the InsTAclone PCR product kit (Fermentas). The PCR products were used for cloning procedures without any modification. Clones were generated according to the protocol recommended by the manufacturer and supplied with the cloning kit. The clones were amplified using M13 (À20) (Syntol, Moscow, Russia) primers for colony screening and sequencing. The sequence of each clone was determined by an ABI 3130 Genetic Analyzer (Applied Biosystems, Foster City, CA, USA) at the Instrumental Centre of Biotechnology and Gene Engineering of the Institute of Biology and Soil Science, Far Eastern Branch of the Russian Academy of Sciences using additional nested primers [37] . The nucleotide-sequence data of 18S rRNA gene were recorded in GenBank nucleotide-sequence databases with the following accession numbers: KC593794eKC593823.
Statistical analysis and phylogenetic reconstructions
The Basic Local Alignment Search Tool program was used for the sequence analysis, and the sequence assembly and multiple alignments were performed using the MEGA 5 software package [38] . The distribution of nucleotide diversity (p) along the gene sequence (a "sliding-window" approach; window length of 10 sites and step size of 10 sites) was analyzed using DnaSP version 5 [39] . The recombination events (and breakpoints) were analyzed using various recombination-detection methods (RDP, GENECONV, MaxChi, Chimera, SiScan, and Seq) implemented in the RDP software [40] .
The interspecific phylogenies for the total data set were reconstructed with the neighbor-joining (NJ) methods in the PAUP 4.0 b10 program (Sinauer Associates Inc., Sunderland, MA, USA). The model of evolution was selected by hierarchical likelihood ratio tests in Modeltest 3.07 [41] . NJ and maximum-likelihood trees were constructed using 1,000 and 100 bootstrap replicates, respectively.
Results
Cytogenetic analysis
The cytogenetic analysis has shown that, in the cultivated P. ginseng plant, the number of nucleoli in the interphase nuclei of the leaf mesophyll cells varies from one to four (Fig. 1) . Totally, the percentages of nuclei with a single nucleolus and those with two, three, and four nucleoli were estimated to be 75.7% and 24.3%, respectively (Table 1 ; Fig. 2A ). The nuclei/nucleoli ratio of the area ranged from 28.4 in one nucleolus cells to 15.1 in cells with four nucleoli (Table 1 ). The nucleoli of single cells were estimated to be of the same or different sizes, which form descending series.
Allelic and nucleotide polymorphisms of 18S rDNA sequences in cultivated P. ginseng
A total of 30 Escherichia coli colonies with the 18S rDNA insertion were selected for our analysis. The full-length sequences for the 18S rRNA gene were found to be 1,809 or 1,808 bp in length due to a single deletion at the position 1,073/ 1,804 bp. Six of these clones (20%) showed a complete identity with the 18S rDNA sequence of the cultivated P. ginseng from Japan (GenBank accession number D83275) [36] . Among 24 (80%) other clones, a deviation from the GenBank sequence was estimated at 67 different positions (Fig. 3) , with most clones (50%) exhibiting differences in two to three nucleotide substitutions. Clones with one and four to six nucleotide substitutions accounted for 10% and 20% of the sequences, respectively (see Fig. 2B ). This observed heterogeneity is mainly due to singleton nucleotide substitutions, which resulted in 25 alleles for the 18S rRNA gene. The average number of substitutions per gene sequence was estimated to be 2.79 (i.e., 0.15%).
The majority of polymorphisms corresponded to transitions (88.1%), and C/T transitions were the rarest (9.52%), while other types of transitions occurred with similar frequencies (23.81e 28.57%). The transversions were represented by only four types of nucleotide substitutions (Table 2) , and the transition/transversion ratio was 7.4. All six recombination-detection methods implemented in the RDP software failed to detect the events (p < 0.001 for each method) in the 18S rDNA sequences of P. ginseng.
Distribution of nucleotide diversity
The distribution pattern of nucleotide diversity along the 18S rDNA sequences (Fig. 4) revealed the nucleotide polymorphism both in variable and expansion segments (ESs), as well as in the conservative core structure. The first third of the gene sequence revealed a higher frequency of nucleotide substitutions, especially at the positions 440e640 bp. The main differences between P. ginseng and other species of the genus Panax appeared to be localized in this region and in the neighboring part of the ES6 at the positions 712e729 bp. Additionally, two fixed mutations at the positions 497 bp and 501 bp distinguished both the P. ginseng 18S rDNA clones and the GenBank sequence from other species of the genus Panax (see Fig. 4 ).
The general folding of the 18S rRNA is highly conservative in a wide number of organisms. For eukaryotes, the 18S rRNA secondary structure for wheat [42] is the most modern, and therefore, we used it for our data as a reference. The nucleotide substitutions of the P. ginseng 18S rRNA were localized in different variable regions, ESs, and also in the main functional domains, including the highly important helices 18, 27, and 34 ( Fig. 5) . In total, we analyzed 14 conservative and variable helices, ES3, ES6, ES9, and ES12 regions to examine whether these mutations affect the secondary structure or not. The obtained folding patterns demonstrated some differences between the 18S rRNA structure of Triticum aestivum and those of P. ginseng, which are identical to the GenBank sequence in ES6a, ES9, and variable (h41) and conservative (h33) helices (Fig. 5A) . For the individual 18S rRNA molecules of P. ginseng, the obtained folding patterns revealed additional differences in variable h6 and conservative h22 (Fig. 5B) .
Phylogenetic reconstructions
The model test detected that the TamuraeNei substitution model of evolution with gamma-distribution shape parameter 1.5251 provides the best fit for the 18S rDNA data. Therefore, the TamuraeNei genetic distance for the estimation of intraspecific phylogenetic relationships was used in our study.
The genetic distances among the cloned 18S rRNA gene sequences ranged from 0.0006 to 0.0063, with an average of 0.0026 for the total data set. The average value of genetic distances among 13 Panax taxa (GenBank sequences) was estimated to be 0.0015. The genetic distances between the rDNA sequences of cultivated and wild P. ginseng plants and those between P. ginseng and other Panax species were estimated to be 0.0016 and 0.0018, respectively ( Table 3) .
The topology of the NJ tree (Fig. 6 ) indicated the statistically supported (79%) clustering of the clones with the GenBank sequence of P. ginseng from the plantation in Japan, as well as a low interspecific differentiation and monophyly (100%) of the Panax species.
Discussion
Polyploidy and hybridization are the most often discussed reasons for nucleotide variability in the rDNA sequences [16, 18, 21, 25, 43] . Interspecific hybridization is known to be a major force of plant evolution; however, there are no available evidences of such events for the species from the genus Panax. In our study, the phylogenetic analysis strongly supported the conspecificity of Oriental-ginseng plants cultivated in Russia and Japan, and their differentiation from other species of the genus Panax, suggesting that the intragenomic polymorphisms of P. ginseng reflect the species-specific nucleotide substitutions. Taking into account a large species range of P. ginseng, the intragenomic polymorphism of this species may be due (at least partially) to interbreeding among conspecific and genetically different populations in their recent history. However, this assumption contradicts the low level of genetic variability in natural populations of this relict plant based on allozyme and random amplified polymorphic DNA markers [44e 46]. The phylogenetic reconstructions also supported monophyly and the close relations of 13 species and intraspecific forms from the genus Panax collected in different countries of Asia and North America, and these results are in concordance with previously reported data [47] .
On the contrary, according to the estimated chromosome number (2n ¼ 44 or 2n ¼ 48), Oriental ginseng, P. ginseng, can be a natural tetraploid with two polyploidization events, which occurred during the evolution of this plant because the basic chromosome number in the family Araliaceae was 12 [48, 49] . At the same time, the species with aneuploid chromosome numbers (n ¼ 9) were found in a closely related family Apiaceae, and therefore, it was repeatedly hypothesized that the basic number of chromosomes in the order of Apiales may be equal to six [50, 51] . Thus, P. ginseng may be a natural polyploid (tetra-or octoploid), and hence, intact plants may show genomic instability.
It has long been known that the genomic instability of polyploid cells is more expressed in cultivated plants, including P. ginseng, manifesting itself in mixoploidy and chimeras [52, 53] . In the cultivated plants and longtime cultivated cell lines, mixoploidy was more pronounced, and the number of polyploid cells was higher than that for wild plants [54] . Additionally, the changes in flavonoid and saponin levels during the cell cultivation were suggested to be the result of the changes in ploidy. In Atragene speciosa, the polyploidy promoted a substantial increase in the saponin quantity [55] , although in P. ginseng the polyploidy was not accompanied by the accumulation of triterpene glycosides [56] .
In this study, we detected an increased number of nucleoli in almost a quarter of the cells in phototrophic leaf tissue, which is 2.5 times higher in comparison with the root meristem of cultivated Oriental-ginseng seedling [33] . The number of nucleoli in the nucleus can change due to different factors. In the first hybrid generation of an onion seed, the number of cells with two nucleoli was two times higher in comparison with the parental forms [57] . In the artificial plantations in contaminated areas, the proportion of cells with a high number of nucleoli (4e7) increased up to 80% in the root meristem of a seedling of Pinus pallasiana [58] . The number of nucleoli in the long-time cultivated cell lines of Oriental ginseng ranges from one to nine, with the modal classes of 3.4 and 5 nucleoli [33] . We hypothesized that an increased number of nucleoli in the leaves of P. ginseng observed in the present study can be initiated by the changes in adaptive strategy during plantation (i.e., from the stress tolerant in wild plants to the competitive and ruderal strategies of survival in cultivated plants). These alterations were shown to be associated with an increase in the acceptor load on the leaves, which are known to be a donor organ in ginseng [59] . Interestingly, the morphology of ginseng roots is mainly determined by the habitat, and therefore, the roots of the wild and cultivated plants are well distinguished. It has been recently reported that this habitat-induced reciprocal transformation is accompanied by an alteration in DNA methylation [60] . Additionally, we can suggest that, in three to four nucleoli cells, the biosynthesis is more intensive than in one to two nucleoli cells, because the observed decrease in the nuclei/nucleoli ratio of the area implies the increase in the activity of protein synthesis in the cell [57] . Thus, a total level of biosynthesis (including rDNA expression) in the cultivated ginseng exhibiting a greater number of three to four nucleoli cells might be higher than that of a native plant.
The variation in the nucleolus number and the sequence polymorphism of the 18S rDNA are believed to be associated with the genome instability due to polyploidy. Both polyploidy and the number/location of nucleoli can be the reasons for the 18S rDNA polymorphism (see Introduction). Our exploration on whether the nucleotide polymorphism of 18S rDNA is associated with variation in the number of nucleoli in the cell nuclei revealed no correlation between the patterns of molecular and cytogenetic variability, suggesting that these characteristics are able to vary independently to some degree. The tissue specificity of nucleotide variability within the rDNA clusters may be regarded as a possible reason for this discrepancy, although (unlike tissue-specific gene expression) Comparison of the 18S rRNA sequences of P. ginseng, which are identical to the GenBank sequence (accession number D83275) with that of Triticum aestivum and 18S rRNA sequences of P. ginseng among themselves, respectively.
Table 3
Genetic distances between 18S rDNA sequences of species from the genus Panax Despite the fact that we cannot identify the inactivated NOR loci by means of silver staining, we can assume their presence on the basis of the polyploid nature of ginseng, and consider it as a true reason for the observed discrepancy. In polyploid plants, a large number of the rDNA repeats are packed into transcriptionally inactive chromatin, the formation and patterns of the rRNA gene expression of which are believed to be under strong genetic and epigenetic (cytosine methylation, histone acetylation, and silencing initiated by small interfering RNAs) control [26, 31] . It was also predicted that reduced or eliminated homogenization, as well as the rDNA sequence divergence, are the consequences of the epigenetic silencing of the rDNA loci [13] . Thus, polyploidy and epigenetic factors associated with ecological adaptation can be considered as the real reasons for the molecular and cytogenetic variations of the ginseng ribosomal clusters, which are implemented through different cellular and genomic mechanisms. Usually, the rDNA sequences are rapidly homogenized within the genome; however, a number of exceptions from this rule are known at present (see above), and no universal explanation was proposed for this phenomenon. In plants, among which polyploidy is widespread, the intraspecific variation of the rDNA sequences is often associated with the location of NORs on nonhomologous chromosomes [12, 18] . When organisms are polyploid, the concerted evolution may not be effective because they are likely to have the rDNA loci on nonhomologous chromosomes that can prevent interloci recombination, and thereby influence the divergence of the rDNA sequences [12, 18, 25] . Unfortunately, without information about the location of P. ginseng NORs (based on the silver staining and fluorescence in situ hybridization technique), it is difficult to link the lack of the rDNA sequence homogenization with their location on chromosomes. However, the rDNA polymorphism revealed in the cultivated ginseng can indicate that the mutation rate exceeds the rate of concerted evolution, which is too low to avoid intragenomic polymorphism in the rDNA loci of this species. Besides, our results clearly indicated the presence of nucleotide polymorphism among the 18S rDNA sequences in P. ginseng cells with any number of nucleoli; consequently, the 18S rDNA of the native plant may also be assumed to be possibly polymorphic. Additional wide-scale investigations are needed to evaluate in how many taxa the rDNA does not evolve in the concerted-evolution manner, and to clarify why the concertedevolution mechanisms do not effectively work in some cases, including P. ginseng. In any case, the multiplicity of allele variants for the 18S rRNA gene can be regarded as an evolutionary advantage that, in theory, gives an opportunity to develop genes with new or improved properties, increasing the viability of the species as a whole.
In this study, the intragenomic sequence variation was substantial if based on the number of unique alleles, but low enough when we took into account the number of polymorphic sites per gene sequence. For example, in diatom species, the observed intragenomic nucleotide polymorphism for the 18S rDNA is higher: 0.57e1.81% [61] . In the Far Eastern sturgeons, the evolutionary history of which was closely associated with polyploidy and interspecific-hybridization events, the nucleotide polymorphism for the 18S rDNA is significantly higher: 3.1% in species and 4.3% in their hybrids [62, 63] .
At least three methodological aspects are known to influence the results of nucleotide polymorphism in the cloned DNA sequences: (1) the polymerase-mediated errors during PCR. We can rule out that nucleotide polymorphisms observed in our study are due to PCR errors because we used the Pfu polymerase for which incorporation of a wrong nucleotide is low enough, w1.3 Â 10 À6 errors per nucleotide [64] . (2) The replication error during cloning can also be a reason of the false-positive polymorphisms. For E. coli, this value was estimated to be 1.1 Â 10 À9 errors per nucleotide [65] that is quite low to be critical for our results. (3) The PCRmediated recombination is a common event in the amplification of sequences from the multigene families, such as the rDNA, that may be a reason for an existence of new allelic variants [66] . However, no recombination events were detected when we used different statistical approaches. Therefore, the number of unique alleles, which were identified in our study, should be close to the real value.
Our results showed the existence of the intragenomic sequence variation among the 18S rDNA clones both within nonconservative regions, including ES, and the conservative core structure. In theory, the nucleotide substitutions located in the functionally significant regions of the 18S rRNA molecule, such as helices 18, 34, and 27, which are responsible for the decoding and translation accuracy, respectively, may lead to errors during protein synthesis or the loss of translational activity. The question about the functional role of ES in eukaryotes remains open. In Tetrahymena thermophila, for example, the 119 bp insertion in ES near the 3 0 -end of the 26S rRNA is tolerant, while the deletion or substitutions in ES 27L can highly decrease the cell growth or induce the accumulation of 27S pre-RNA, and even can be lethal [42] . In addition, the rDNA could serve as a "sensor" of DNA damage and a "shock absorber," which prevents genomic damage [29] . The rDNA damage can lead to the formation of an unusual secondary structure, which may cause the inhibition of DNA replication and the emergence of "hot-spot" recombination inducing the translocation and change in the number of repeats. The extra copies that are not involved in transcription are necessary to facilitate damage repair [30] . Altogether, these evidences permit us to suggest that the observed nucleotide variability of the 18S rDNA sequences in P. ginseng leaves may affect the synthesis of highly specific, biologically active substances during the plant cultivation.
Thus, we believe it was the first attempt to describe the intragenomic variability of the 18S rDNA sequences, including the generation of secondary structures for the functionally important and variable domains of the 18S rRNA molecule in the cultivated ginseng, and to exclude the variation in the active nucleolus number and interspecific-hybridization events as actual reasons for the 18S rDNA polymorphism in this plant. The revealed cytogenetic and molecular variabilities are regarded to be associated with polyploidy, epigenetic factors, and alterations in the plant's adaptive strategy that may lead to the decrease in the synthesis of valuable biologically active compounds during P. ginseng plantation. Additional studies are needed to clarify the mechanisms of concerted evolution in ginseng.
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